Immunotherapy is becoming an accepted treatment modality for many patients with cancer and is now approved for use in platinum-refractory recurrent or metastatic head and neck squamous cell carcinoma (HNSCC). Despite these successes, a minority of patients with HNSCC receiving immunotherapy respond to treatment, and few undergo a complete response. Thus, there is a critical need to identify mechanisms regulating immune checkpoints in HNSCC such that one can predict who will benefit, and so novel combination strategies can be developed for non-responders. Here, we review the immunotherapy and molecular genetics literature to describe what is known about immune checkpoints in common genetic subsets of HNSCC. We highlight several highly recurrent genetic lesions that may serve as biomarkers or targets for combination immunotherapy in HNSCC.
Introduction
Over the last decade, research in head and neck squamous cell carcinoma (HNSCC) has shown that suppression of the host immune system plays a key role in the development and progression of HNSCC. Many critical components of both the innate and adaptive immune systems are dysfunctional in patients with HNSCC, including the activity of natural killer cells, the function of antigen presenting machinery, and the maturation of dendritic cells [1] [2] [3] [4] . Additionally, in the composition of functioning cells such as T lymphocytes, there is a shift towards immunosuppression, with higher numbers of the immunosuppressive regulatory T cells and immunosuppressive cytokines, while the overall number of lymphocytes is decreased [5] [6] [7] [8] [9] . Many of these defects feedback amongst themselves, resulting in the release of cytokines and recruitment of immunosuppressive cells, further promoting the immunosuppressive environment. Importantly, this immunosuppression appears to play pivotal roles in both HNSCCs driven by high risk human papilloma virus (HPV) and HPV negative disease.
In addition to these defects, HNSCCs, like other immunosuppressive cancers, have co-opted beneficial physiologic signaling pathways to aid in immune evasion. In the intact immune system, there is a necessary equilibrium between activation and suppression of the immune system. This balance prevents excessive activation of the immune system resulting in autoimmune diseases, as well as pathologic suppression resulting in opportunistic infections. Various co-stimulatory and co-inhibitory
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International Publisher signaling pathways are involved in maintaining this equilibrium, including the CTLA-4 and programmed death-1 (PD-1):programmed death ligand-1 (PD-L1) pathways, which serve as checkpoints to mitigate excessive inflammation. Both of these pathways are thought to have been exploited by HNSCC in order to enhance the immunosuppressive environment, preventing immune surveillance and tumor destruction [10, 11] . Therapies targeting the co-inhibitory receptor CTLA-4 were among the earliest immunotherapies for cancer, and following their success in the clinic, additional targets, including the PD-1:PD-L1 pathway, were quickly advanced [10] . This review will focus on the various genetic alterations and molecular pathways that may contribute to dysregulation of the PD-1:PD-L1 pathway.
Immune Checkpoints and PD1/PDL1 Signaling
The PD-1/PD-L1 pathway is an important co-inhibitory pathway involved in the regulation of the human immune response. This pathway serves as an immune checkpoint, providing protection against excessive tissue damage induced by inflammation [10] , and is especially important in regulating antigen-specific effector T-cell activity in peripheral tissues. The PD-1 receptor is a transmembrane protein expressed by T cells, B cells, and many types of tumor-infiltrating lymphocytes (TILs). PD-1 can bind either of two ligands: PD-L1 or PD-L2, both of which are cell surface proteins of the B7 family [12, 13] . Upon ligand binding, generation and activation of effector T cells, particularly CD8+ T cells, is dramatically suppressed [14] .
Expression of PD-L1 can be stimulated by interferon-γ (IFN-γ), a cytokine produced primarily by effector lymphocytes [15] . In general, interferons function as lines of communication between the innate and adaptive immune responses by activating immature dendritic cells and CD8+ T cells. IFN-γ is largely responsible for inducing inflammation, a critical component of the immune response. Cancer cells are thought to induce an immune response, and inflammation is common within the tumor microenvironment. However, it is hypothesized that cancer cells can develop an "adaptive immune resistance" to increased levels of inflammation by upregulating PD-L1 in response to IFN-γ, thereby protecting themselves against immune attack by promoting T cell anergy and apoptosis [16, 17] . An interesting connection has also emerged between HPV infection, now recognized as a common initiator of oropharyngeal cancer, and immunosuppression. Major sites of HPV infection, such as the tonsillar crypts, may be prone to harboring high levels of foreign antigens [18] . It is plausible that activation of immunosuppressive mechanisms to stifle excessive inflammation also creates a permissive environment for both persistent HPV and associated tumors to flourish [18] . It has also been postulated that immunosuppressive pathways initiated by HPV itself allow for malignant transformation at the site of infection [19] .
Although the PD-1/PD-L1 pathway was discovered more than two decades ago, the therapeutic potential associated with targeting this pathway in cancer was not immediately recognized. As the immunosuppressive function of the PD-1/PD-L1 interaction was revealed and PD-L1 expression was observed in tumor cells, researchers hypothesized that blockade of this pathway could help facilitate eradication of tumors and impede tumor metastasis [20] . This hypothesis was first tested in melanoma, in which treatment with monoclonal antibodies (mAbs) directed against PD-1 showed promising results. In a meta-analysis of 5 multi-center randomized control trials including 2,828 patients, patients treated with an anti-PD-1 mAb experienced superior progression free survival (PFS) ranging from 3.7 to 6.9 months as compared with 2.2 to 4.2 months in the control group. Six-month PFS was significantly improved for patients treated with anti-PD-1 therapy, with a hazard ratio (HR) of 0.55 [21] . There was also a statistically significant improvement in overall response rate (ORR) with an odds ratio (OR) of 3.89 [21] . Two anti-PD-1 antibodies, pembrolizumab and nivolumab, have since been approved by the FDA for the treatment of advanced melanoma due to convincing data demonstrating increased ORR, as well as improved PFS and OS [11] .
Currently, five mAb therapies targeting the PD-1/PD-L1 pathway are under investigation for use in HNSCC. Pembrolizumab and Nivolumab target PD-1, while MEDI4736, Atezolizumab, and Avelumab target PD-L1. Pembrolizumab has shown considerable promise for use in patients with recurrent and/or metastatic HNSCC. An 18.2% ORR has been reported with a severe adverse reaction rate of 7.6%, leading to the August 2016 approval of Pembrolizumab for platinum-refractory recurrent or metastatic HNSCC patients [22] . Interestingly, ORR was independent of HPV status and PD-L1 status [23] . A phase 3 trial is also currently underway for Nivolumab versus either Cetuximab, Docetaxel, or Methotrexate for recurrent/metastatic HNSCC (Clinical Trial: NCT02105636). Preliminary results show a doubling in the one year overall survival rate to 36% in Nivolumab treated patients. Median overall survival was 7.5 months in the Nivolumab group as compared to 5.1 months in the standard treatment group. Interestingly, both HPV positive and HPV negative patients benefit with the median survival for HPV positive patients increasing from 4.4 to 9.1 months, and that of HPV negative patients increasing from 5.8 to 7.5 months [24] . Due to its early success, additional trials evaluating the efficacy of Nivolumab in combination with chemotherapy and/or radiation for definitive therapy in locoregionally advanced HNSCC are currently underway (NCT02764593).
Of the mAbs against PD-L1, MEDI4736 or Durvalumab, is currently being evaluated in a phase 3 trial of Durvalumab alone versus Durvalumab plus an anti-CTLA-4 inhibitor (tremelimumab) versus standard treatment (NCT02369874) [25] . Atezolizumab and Avelumab are currently in several Phase 1b/2 trials evaluating the safety and efficacy of these inhibitors in advanced solid tumor malignancies, as listed in Table 1 . Several ongoing trials are investigating their use alone and in combination with other targeted therapies. Given the enthusiasm for drugs targeting the PD1/PDL1 pathways in the management of recurrent HNSCC, it is reasonable to expect that new protocols will be developed expanding the application of immunotherapy in this context. An enhanced understanding of PD-1 and PD-L1 expression and modulation, in addition to other factors predicting response to PD-1/PD-L1 blockade, will be essential to the rational design of future trials. Here, we review potential modulators of PD-L1 expression, as well as important considerations associated with targeting PD-L1 in HNSCC patients.
PD-1 and PD-L1 expression in HNSCC
While several studies have evaluated expression of PD-L1 in HNSCC by immunohistochemistry, results are highly variable. Thus, the clinical significance of PD-L1 expression in tumor cells remains unclear. PD-L1 staining may be membranous and/or diffuse, and often appears at the interface of tumor cells and T cells. PD-L1 expression is reported in 51-87% of HNSCC tumors across several reports and criteria for PD-L1 "positivity" are highly variable [18, [26] [27] [28] [29] [30] [31] . Small sample size, inconsistent representation of different disease sites, prior therapy, or the antibody used to detect PD-L1 may contribute to discrepancies among these studies. Intratumoral heterogeneity and temporal changes in PD-L1 expression may also lead to false negatives [32] . HPV associated cancers are more likely to express PD-L1, but PD-L1 expression has not been directly correlated with survival despite the better prognosis observed among these cancers. However, tumor infiltration with high numbers of PD-1 expressing CD8+ T cells is associated with longer overall survival; the mechanism and implications thereof remain unclear [29, 33] .
Potential for intrinsic modulation of PD-L1 by oncogenic pathways
JAK2/STAT1 mediated induction of PD-L1 expression on the surface of tumor cells has been demonstrated in response to IFN-γ, and, recently, epidermal growth factor (EGF) [34] . The finding that EGF can promote PD-L1 expression was especially interesting given that the EGF receptor (EGFR) is highly overexpressed in HNSCC. This observation highlights the possibility that other signals, including common oncogenic drivers, may contribute to immunosuppression by promoting PD-L1 expression. Elucidating the molecular mechanisms governing PD-L1 expression in the context of HNSCC may provide a compelling rationale for combining immunotherapy with other agents targeting upstream regulators of the PD-L1/PD-1 pathway. While mechanisms regulating PD-L1 have been examined in other cancers, few studies have addressed intrinsic modulation of PD-L1 in HNSCC, especially in the context of emerging precision medicine paradigms that match targeted therapies with specific genetic lesions [35] [36] [37] [38] [39] . Interestingly, several potentially targetable pathways including EGFR, phosphatidylinositol 3-kinase (PI3K)/Akt, MAPK, p53, STAT and HIF-1α are commonly deregulated in HNSCC and could potentially influence the expression of PD-L1 (Figure 1) .
EGFR
EGFR is overexpressed in >90% of HNSCCs by a variety of genetic mechanisms including amplification (~10% of cases) [40] [41] [42] [43] . It is therefore not surprising that targeting EGFR has become an important strategy in the management of HNSCC. Several small molecule inhibitors of EGFR signaling are currently being investigated, and clinical success has been achieved with biologics such as Cetuximab, a chimeric IgG1 mAb against EGFR [44] . As both EGFR-and PD-1/PD-L1-targeted therapies have advanced, evidence has emerged for a potential confluence of these two pathways. In NSCLC, where immune checkpoint inhibitors have been more extensively studied and exploited, an interesting relationship between EGFR and PD-L1 has been noted. Specifically, tumors with activating genetic aberrations to EGFR were more likely to have PD-L1 overexpression than those without [45, 46] , and treatment of these tumors with the small molecule EGFR inhibitor gefitinib caused a substantial reduction in PD-L1 expression suggesting a direct mechanistic link between the two molecules [46] . Surprisingly, refractory NSCLC tumors arising after gefitinib treatments also have elevated PD-L1 expression [47] , suggesting that immune escape is an important mechanism to overcoming EGFR inhibitor response. More recently, Concha-Benavente et. al. noted a similar relationship in HNSCC models showing that Cetuximab-mediated EGFR inhibition caused a reduction in adaptive PD-L1 expression through modulation of the JAK2/STAT1 effectors [34] .
The postulate that EGFR activation can promote immune escape through regulation of PD-L1 expression is especially interesting given the prevalence of Cetuximab-based therapies in HNSCC. The logical hypothesis addresses whether these two therapies can be combined, particularly given the poor observed response to Cetuximab as a single agent. It is unclear if combination Cetuximab + PD1/PDL1 checkpoint inhibitors would provide an incremental effect, as Cetuximab inhibits PD-L1 expression thereby removing the immunotherapy target, perhaps suggesting the need for sequential use of the drugs. However, by activating T-cells to clear any tumor cells that are innately resistant to Cetuximab (or the EGFR-based modulation of PD-L1), this combination may effectively clear heterogeneous tumor cell populations, although this remains to be proven in vivo. Clinical trials assessing these combinations in advanced HNSCC patients are currently being evaluated and sequential trials assessing PD-L1 inhibition following Cetuximab failure are already ongoing (NCT02255097). An additional facet of mAb therapies is the potential for antibody-dependent cellular cytotoxicity (ADCC), a mechanism for the clearance of IgG1-coated target cells. ADCC is triggered by engagement of Fc receptors on immune effector cells with the Fc region of IgG1. Cetuximab induces ADCC in an EGFR-dependent manner in cell culture and in murine models [48] [49] [50] [51] , and although the contribution of ADCC to the anti-tumor effects of Cetuximab in humans is not fully understood, evidence of increased ADCC has been reported. In a study of 22 HNSCC and colorectal cancer patients, Bertino et al observed more pronounced increases in ADCC in patients who experienced clinical benefit from Cetuximab than in those who did not [52] . 
PI3K/AKT
The PI3K pathway, based on data from The Cancer Genome Atlas and other analyses, has been identified as the most frequently mutated of any oncogenic and targetable pathway in HNSCC [53] [54] [55] . Activating mutations and/or amplification of PIK3CA, which encodes PI3K's catalytic subunit and alpha isoform, was the most frequent alteration observed in the PI3K pathway. Aberration of this gene was reported in 37% of the TCGA HNSCC cohort [53] . As a whole, alterations in the PI3K pathway contribute to tumor progression and increased cell growth and viability; they are also more commonly observed in advanced stage disease [56, 57] .
Various interferons have been shown to activate the PI3K pathway as well as to induce the expression of PD-L1. In response to interferon, PI3K signaling is required for phosphorylation of STAT1 at the serine 727 residue and for the associated increase in gene transcription [58, 59] . PKC (δ and ε isoforms) and/or NF-κB may serve as downstream mediators of this response [15, [60] [61] [62] [63] . Chen et al. showed that PDK2 signaling, which can be initiated by the PI3K-PKC pathway, is responsible for interferon-induced PD-L1 expression in oral squamous cell carcinoma [15] , and Kondo et al. demonstrated the dependence of interferon-induced PD-L1 expression on NF-κB in myodysplastic syndrome blast cells [64] . Additionally, in dermal fibroblasts, interferon treatment led to translocation of NF-κB to the nucleus and transient phosphorylation of ERK and AKT. This effect was abrogated upon treatment with PI3K and MEK but not PKC inhibitors [60] . BRAF-inhibitor resistant melanoma cells also display inducible PD-L1 expression that is dependent on NF-κB. In contrast to observations in dermal fibroblasts, however, the PI3K and MAPK pathways were not significant mediators of this response [65] . Ferris and colleagues reported that PI3K inhibitors wortmannin and BYL719 blocked AKT phosphorylation but failed to reverse the extrinsic interferon-or intrinsic EGFR-mediated increases in PD-L1 expression in HNSCC cell lines [34] . These data indicate that the role of PI3K, NF-κB, and PKC may be cell-type specific and therefore motivate further studies of the signaling mechanisms in HNSCCs.
The PI3K pathway is also commonly activated in HNSCC via loss of PTEN, which functions as a "brake" on PI3K signaling. The PTEN tumor suppressor has been associated with PD-L1 expression in other cancer types. Transgenic mouse models of lung SCC with loss of both PTEN and Lkb1, for example, developed tumors with elevated levels of PD-L1 [66] . Parsa et al. showed that loss of PTEN in glioblastoma patients correlated with increased PD-L1 expression and that PD-L1 translation was S6K1-mediated [67] . Furthermore, a negative correlation between PTEN and PD-L1 expression has been identified in pancreatic and colorectal cancer samples [68, 69] . miRNAs may also be an important component of this response as the upregulation of miRNAs, including miR-21, -20b, and 130b, in colorectal and esophageal cancers has been shown to suppress PTEN gene transcription [69, 70] .
MAPK
In HNSCC, genetic alterations in MAPK family members are relatively rare. Only 5% of patients in the TCGA cohort displayed mutations or copy number changes in HRAS, with other alterations in this pathway (such as those affecting KRAS and MAPK1) occurring even less frequently [53] . In spite of this, signaling of the Ras-MEK-ERK pathway is often aberrant in HNSCC due to overexpression of EGFR or activation of other RTKs [71] .
The signaling functions of the MAPK pathway, like those of the PI3K pathway, are important in interferon-induced changes in PD-L1 expression. MAPK acts in coordination with the JAK/STAT pathway to regulate gene transcription, and inhibitors of MAPK pathway members (including MEK, ERK, and JNK) block these effects [72] . Consistent with this, Liu et al. showed that PMA, a known MEK/ERK pathway activator, could increase PD-L1 expression in multiple myeloma; similarly, blocking MEK/ERK via pharmacological methods or siRNA knockdown resulted in decreased interferon-induced PD-L1 expression [73] . Melanoma cells resistant to BRAF inhibition also displayed MAPK activation and increased PD-L1 expression via c-Jun and STAT3, and this effect was reversed by MEK inhibitors [74] . Similar evidence for the role of the MAPK pathway in inducing PD-L1 expression was identified in bladder cancer, where inhibitors of ERK and JNK blocked the induction of PD-L1 expression by LPS treatment [75] . MAPK signaling also modulates PD-L1 expression in anaplastic large cell lymphoma (via ALK) and in Hodgkin's lymphoma (via p38 MAPK and MEK1/2) [76] .
Recent studies of breast cancer cell lines and murine models, however, have indicated that MEK inhibitor trametinib might induce PD-L1 expression and therefore be useful in priming patients for immunotherapy treatment [77] . Further studies in BRAF-mutant and WT melanoma as well as KRAS-mutant NSCLC cells showed varying PD-L1 transcript levels following trametinib treatment [78] . Combination MAPK and PD-L1 inhibitor treatments have been proposed and tested in vitro and in vivo, and combination therapies are currently being evaluated in clinical trials (such as NCT02027961 and NCT01988896 for BRAF-mutant melanoma and NSCLC patients, respectively) [79] .
While these dual therapies might be effective in HNSCC, further work regarding both the specific mechanism of MAPK pathway activation in PD-L1 expression and the modulation of PD-L1 levels by MAPK inhibitors are necessary. Initial studies by Ferris and colleagues suggest that MEK inhibitors do not significantly alter PD-L1 expression in HNSCC cell lines, but that JAK2 and STAT1 might be critical mediators of immunogenicity [34] . Additional research will aid in selecting patients who are the most likely to respond to combination MAPK-immunotherapy treatments, and one trial is currently underway in advanced solid malignancies including HNSCC (NCT02586987).
p53
The TP53 gene, encoding the p53 tumor suppressor, is the most commonly mutated gene in HNSCC [80] . Cortez et al recently reported that p53 can regulate PD-L1 production via miR-34. p53 deficient or mutant tumors express significantly higher PD-L1 levels than wild type p53 tumors [81] . In cell lines, p53 induced miR-34 repressed PD-L1 expression. Interestingly, injection of miR-34 mimics, such as the drug MRX34, reduces PDL1 expression and increases immune response to tumorous growth. When MRX34 was paired with radiation therapy (XRT), a common anti-cancer treatment that induces the adaptive immune response to promote tumor regression, exponential increases in CD8+ tumor-infiltrating cell expression were found [81] . Understanding the relationship between the p53 pathway and its effects on PDL1 expression may allow physicians to better tailor treatment of tumors with p53 mutations.
STAT3
The STAT signaling pathway is known to play an important role in many cellular processes, including division, apoptosis, and motility. Involvement of the transcriptional activator STAT3 has been reported in the development and growth of tumors [82] , and recent studies aim to elucidate the role of STAT3 in PD-L1 expression on tumor cells [83] . STAT3 inhibition reduces PD-L1 expression in NSCLC [84] . Similarly, in multiple types of lymphoma, PD-L1 expression is enhanced by STAT3 and is decreased upon STAT3 inhibition [85, 86] . As activated STAT3 was elevated in HNSCC tumors compared to normal epithelium [87] , elucidating a role for STAT3 in regulating PD-L1 in HNSCC may shed light on potential therapeutic targets or factors influencing the ability of these tumors to respond to PD-1 blockade. However, a recent study found no correlation between STAT3 and PD-L1 expression in HPV positive HNSCC, and only a weak correlation in HPV negative HNSCC [34] .
HIF-1α
Hypoxia inducible factors (HIFs) are transcriptional regulators integral to the response to hypoxia in solid tumors, and are believed to be critical to metastasis [88] . Under hypoxic conditions, tumors utilize HIF-1α to upregulate glycolysis and to increase blood flow to the tumor by promoting angiogenesis. Recently, HIF-1α was suggested to play a role in PDL-1 expression [89] . Specifically, in myeloid derived stem cells (MDSCs), HIF-1α binds directly to the HRE-4 site in the proximal promoter of PD-L1 [89] . Another PD-L1 proximal promoter site, HRE-2, has also been shown to bind with HIF-1 in mammary cells [90] . Hypoxia-induced PD-L1 expression has been demonstrated in MDSCs, macrophages, dendritic cells, and tumor cells including breast and prostate cancer cell lines [89, 90] , and this effect was HIF-1α dependent. While no direct link has been established between HIF-1 and PD-L1 in HNSCC, given the reported overexpression of HIF-1α in HNSCC tissue vs adjacent normal tissue [91] and the poor prognosis associated with low intratumoral oxygen levels in HNSCC [92] , a more detailed understanding of the potential for interplay between immune evasion and hypoxia could reveal novel mechanisms of HNSCC pathogenesis.
Additional Targets
Finally, there are additional genomic mutations in head and neck squamous cell carcinomas noted in the data from The Cancer Genome Atlas HNSCC cohort that make attractive targets for investigation in the development of immunotherapies. In addition to those described above, defects of note include mutations affecting other components of the innate and adaptive immune response, including antigen processing machinery and HLA, as well as tumor necrosis factor (TNF) receptor-associated factor 3 (TRAF3). HLA molecules play a key role in tumor identification and antigen presentation in the functioning immune system. HLA associates with degraded tumor peptides and β2-microglobulins, and once properly folded, the HLA complex consisting of the HLA protein chains, β2-microglobulins, and tumor peptides is transported to the cell surface, where it is recognized by T cells [3] . However, in one study of head and neck cancers, approximately 40% of primary tumors had at least selective loss of HLA class I antigens, and 15% had complete loss [93] .
Although no current therapies target this defect, it remains an attractive target for immunotherapies, as it could play an important role in activating T cells against tumor antigens.
TRAF3 plays an important role in regulating the crossroads between the anti-viral, anti-inflammatory, and cancer pathways by modulating toll-like receptors, TNF receptors, and producing interferons and anti-inflammatory cytokines [94] . They have been implicated in multiple myeloma in humans, and in one study of transgenic mice, overexpression was associated with autoimmunity and a predisposition to developing squamous cell carcinoma [95] . In the data from The Cancer Genome Atlas, TRAF3 mutation was a distinguishing mutation of HPV positive tumors [80] . No current therapies have been developed, but like HLA mutations, it remains as attractive area for investigation.
HPV and PD-L1
Human papillomavirus (HPV), a known risk factor for HNSCC, has been linked to PD-1 pathway activation in several settings. In a 2013 study, Yang et. al described a correlation between PD-1 on T cells, persistent high risk (HR)-HPV infection, and the development of cervical intraepithelial neoplasia (CIN) [96] . A positive correlation between PD-L1 expression and CIN grade was also observed in HR-HPV positive patients, suggesting that the PD-1:PD-L1 pathway may play a role in permitting HR-HPV-related CIN progression [96] .
With rates of HPV associated oropharyngeal cancers rapidly rising, it has become clear that the distinct pathogenesis of these cancers may warrant the development of alternate treatment protocols [97] . HPV associated HNSCCs generally have favorable clinical outcomes independently predicted by HPV status [98, 99] . The oropharyngeal tumors that result from HPV infection grow in the tonsillar crypts and near the base of tongue, which are also the most common sites of HPV infection. PD-L1 expression is also found in deep tonsillar crypts in both normal and HNSCC patients [18] . It is therefore plausible that a dampened effector T cell response within these crypts may yield an environment especially permissive to both initial HPV infection and SCC tumorigenesis.
HPV positive HNSCCs are able to grow and evade anti-tumor immunity despite high levels of inflammation. In order to evaluate the relevance of PD-1:PD-L1 pathway in the development of HPV associated HNSCC, Lyford-Pike et. al analyzed PD-1 expression on TILs and peripheral blood mononuclear cells (PBMCs) isolated from patients with HPV positive HNSCC versus those from patients with a nonmalignant tonsillar pathology (such as hypertrophy or tonsillitis), and identified a population of PD-1 expressing CD8+ TILs in HPV positive HNSCC tumors. Such a population was not observed in T-cells infiltrating nonmalignant inflamed tonsils. Furthermore, the PD-1 expressing CD8+ TILs exhibited diminished ability to produce IFN-γ in response to stimulation with PMA/ionomycin compared to TILs not expressing PD-1, indicating the functional suppression of affected T-lymphocytes. Lyford-Pike also showed PD-L1 expression localized to the interface of the tumor and CD8+ TILs [18] . This study implies that the PD-1:PD-L1 pathway is likely important in both persistence of the initial HPV infection and suppression of anti-tumor immunity during tumorigenesis. Because high levels of membranous PD-L1 expression were observed within tumors, HPV positive HNSCC patients are logical candidates for PD-1:PD-L1-targeted therapy. Furthermore, a recent study in mice demonstrated improved anti-tumor activity in large HPV-induced tumors when immunization against HPV16 genes E6 and E7 was combined with an anti-PD-1 antibody [100] .
Taken together, these data support the idea that blocking PD-1:PD-L1 interactions may be a potential therapeutic option for HPV-infected patients. Indeed, early reports from the CheckMate-141 trial indicate enhanced benefit from Nivolumab in HPV positive patients. Additionally, in the context of cervical lesions, HPV-induced malignant progression correlates with low or undetectable T cell response to HPV antigens [101] . Anti-tumor vaccines currently in clinical trials aim to stimulate an immune response against HPV specific antigens, such as viral oncoproteins E6 and E7, which function in malignant transformation to inactivate p53 and pRb, respectively (NCT02865135, NCT02864147, NCT02002182, NCT02596243, NCT02163057) [102, 103] . It is possible that future immunotherapeutic protocols for the management of HPV positive HNSCC may achieve maximal benefit by combining vaccines to promote generation of tumor-specific effector T cells with anti-PD-1/PD-L1 mAbs to relieve immunosuppression.
Predicting response to PD-1 blockade
PD-L1 expression was initially considered a logical potential biomarker predicting response to anti-PD-1 therapy, but the many factors complicating its detection have limited its current utility, and no correlation between PD-L1 expression and response to immunotherapy has been observed [29] . Thus, new methods for predicting potential responders are needed. Immunotherapy trials for other cancers may yield insight into potential biomarkers for response to PD-1 blockade in HNSCC. As in HNSCC, a main risk factor for non-small cell lung cancer (NSCLC) is smoking, which is associated with higher nonsynonymous mutation burden [104] . Recently, Rizvi et al reported improved objective response, durable clinical benefit, and progression free survival in Pembrolizumab-treated NSCLC patients with more non-synonymous mutations and a molecular smoking signature [105] . Not surprisingly, mutational load positively correlated with higher neoantigen levels, which were also associated with improved treatment efficacy. A similar trend of high mutational load was observed in bladder cancer patients responsive to PD-1 blockade [106] . It therefore seems likely that the neoantigens produced by highly mutated tumors could potentially improve the ability of T-cells to recognize tumor cells following release from PD-L1-mediated immunosuppression. Smoking status has not yet been reported for HNSCC patients treated with anti-PD-1 mAbs, and further investigation will be necessary to determine whether the correlations observed in NSCLC are recapitulated in the HNSCC setting.
In advanced melanoma patients who responded to pembrolizumab, tumors had less diverse T cell populations at baseline, but the number of expanded clones after treatment was 10 fold higher than in patients with disease progression [107] . These data suggest that a pre-existing T-cell repertoire poised to target tumor cells but negatively regulated by PD-1: PD-L1 may predict response to PD-1 blockade. Again, this mechanism has yet to be investigated in HNSCC patients.
Limitations
Given the recent approval of anti-PD-1 therapy in the treatment of recurrent HNSCC, immunotherapy represents an exciting new avenue in the management of a disease with a limited armamentarium of systemic treatment options. It is also important, however, to consider the current limitations of immune checkpoint blockade. Improvements to OS, ORR, and PFS have been reported in patients treated with nivolumab and pembrolizumab, but many patients do not respond to immunotherapy, and no criteria currently exist to aid in selection of patients likely benefit from PD-1 blockade. Additionally, many patients, such as those with preexisting autoimmune disease, are not considered candidates for immunotherapy due to concern for unacceptable toxicity.
If and when immunotherapy is extended beyond the metastatic/recurrent setting, important new considerations will arise. Anti-PD-1 is currently administered in the context of HNSCC recurrence to patients who have already received XRT, which may sensitize tumors to immune attack. In murine models, XRT increases type I IFN levels in tumors, thereby promoting T-cell effector function. XRT also induced IFN-dependent up-regulation of the CXCR3 chemokine, which enhanced the recruitment of T cells to tumors [108] . It is also speculated that the high mutational load in XRT treated tumors leads to higher neoantigen levels, and therefore improved detection by T cells. If these mechanisms are found to be at play, the utility of PD-1 blockade as a frontline monotherapy may be limited. However, further investigation of a role for RT in sensitizing cancers to anti-tumor immunity may provide rationale for protocols combining XRT with immune checkpoint blockade. Several studies in mice, as well as anecdotal evidence in humans, support the hypothesis that XRT and immunotherapy may synergize to promote tumor clearance by the immune system. Concurrent immune checkpoint therapy and XRT induced anti-tumor T-cell responses in mice, even outside the radiation field [109] . Instances of abscopal effects of XRT have been observed in melanoma patients also treated with immune checkpoint inhibitors [110, 111] .
Conclusions
The exploitation of anti-tumor immunity in the treatment of cancer is a promising and rapidly expanding field, but more research is needed to understand mechanisms mediating response to immunotherapy and expand the population of patients who will benefit from this strategy. While anti-PD-1/PD-L1 therapy has improved outcomes in comparison to the standard of care for a subset of patients with HNSCC, the proportion of responding patients, as well as the degree of benefit, remains modest. The future of anti-PD-1/PD-L1 therapy in the treatment of HNSCC relies upon a better understanding of the dysregulated pathways in HNSCC that may alter its efficacy. With a vast and growing array of targeted therapies in development for the treatment of cancer, countless opportunities for modulation of PD-L1 can be envisioned. Trials capitalizing on mechanistic discoveries by combining anti-PD-1 therapy with other precision-medicine approaches may maximize the results seen with immunotherapy. 
